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Complexes  which  Luminesce  in  Fluid  Solution 
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Department  of  Chenistry,  University  of  Southern  California,  Los  Angeles, 
California  90007 

Abstract 

Luminescence  data  are  reported  for  W(C0)^L  complexes,  where  L  = 

4-acetyl  pyridine,  4- benzoyl  pyridine,  4-cyanopyridine  and  4-formyl  pyridine, 

as  solids,  and  in  fluid  solution.  Photosubstitution  quantum  yields 

(for  the  dissociation  of  L)  have  been  recorded  for  these  U(C0)^L 

complexes  in  several  solvents  using  various  irradiation  wavelengths. 

Apparent  activation  energies  for  the  V/(C0) &L  complexes  in  several  solvents 

have  been  measured  from  the  temperature  dependencies  of  the  emission  and 

photoreactivity  processes.  Quenching  of  the  emission  and  photoreactivity 

processes  are  reported  for  several  quenchers;  the  results  are  used  to 

bracket  the  energies  of  the  emitting  state  for  each  complex.  Two  low- 

lying  metal  to  ligand  change-transfer  excited  states  are  implicated  in  the 

radiative  decay  process.  Possible  excited  state  schemes  for  these 

W(C0)-L  complexes  are  discussed  in  accordance  with  the  experimental 
5 

observations.  Excited  state  absorption  and  primary  photoproduct  spectra 
have  been  recorded  for  the  '..'(CO)^L  complexes  in  methyl  cyclohexane  and 
benzene  by  monitorir;  cat r piques .  A  common  photoproduct  is  inferred, 
its  spectrum  being  close  to  that  of  H(C0)^S,  where  S  denotes  solvent, 
following  pulse  lase-  crotolysis  of  U(C0),  as  previously  reported  by  us. 
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Intrcduction  j 

1-5 

Following  initial  studies  by  Strohmeier  and  coworkers  the 

photochenical  behavior  of  group  6b  metal  carbonyls  and  their  derivatives 

6-21 

has  been  the  subject  of  numerous  investigations.  Many  of  the  early 

papers  were  centered  around  the  photolysis  of  the  parent  hexacarbonyl s 

in  solution  and  as  rigid  glasses.  More  recently,  conventional  flash 

photolysis  techniques  have  provided  information  about  intermediates 

22-27 

produced  in  these  photolyses. 

53 

Of  current  interest  is  the  photochemistry  of  metal  complexes 

having  low-lying  metal  to  ligand  charge-transfer  (MLCT)  excited  states,^9'41 

42-59 

particularly  substituted  mononuclear  metal  carbonyls.  Complexes 

of  the  general  formula  W'COj^L,  where  L  is  an  oxygen  or  nitrogen  donor, 

have  intriguing  spectroscopic  and  photochemical  characteristics.  In 

rigid  glasses  at  77  K  they  luminesce,  the  emission  having  been  assigned 

to  either  a  E  -*■  A,  ligand-field  (LF)  transition  or  a  II  +  L  charge- 

transfer  (CT)  transition,  depending  on  the  nature  of  l  ,60,61  yhe 

electronic  absorption  spectra  indicate  that  as  L  becomes  more  electron 

withdrawing,  the  CT  state  lowers  in  energy,  and  for  various  substituted 

51 

pyridines  as  L,  has  been  inferred  to  be  the  lowest  lying  state.  The 
-  L  CT  state  has  bee-  shown  to  be  significantly  less  reactive  than  the 
Iciest  LF  state  for  substitution  of  L  in  U(C0)gL  complexes,  analogous 
to  previous  findings  for  Ru(?iHg),jL^+  complexes. Therefore,  in 
the  cases  of  W(C0)-L  cc-plexes  where  a  V!  -*•  L  CT  absorption  is  the  lowest 
energy  absorption,  the  photosubstitution  quantum  yield  of  L  in  VI ( CO) 
is  relatively  low.  Correspondingly,  the  luminescence  from  VI (CO) &L  ccrplexes 
in  EPA  at  77  K  was  to  shift  to  lower  energy  maxima  and  to  show 

an  increase  in  emission  lifetime  with  increasing  electron-withdrawing 
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effect  of  L.  This  was  the  case  for  W(C0)^L  complexes  where  L  = 

4-ACpyr  (4-acetyl  pyridine) ,  4-BNpyr  (4-benzoyl pyridine) ,  4-CNpyr 
(4-cyanopyridine)  and  4-FMpyr  ( 4-formyl pyri di ne) 

W(C0)5L  complexes  were  not  thought  to  luminesce  in  room  temperature 
solutions,  presumably  because  of  rapid  ligand  dissociation  and  non- 
radiative  decay  to  the  ground  state.  However,  recently  we  have 
observed  emission  from  W(C0)g(4-CNpyr)  in  room  temperature  solution  and 

62 

the  quenching  of  emission  and  photosubstitution  reactivity  by  anthracene. 

As  a  consequence,  a  complete  study  of  the  photochemistry  and  photophysics 
of  W(C0)5L  complexes  has  been  undertaken,  the  results  of  which  are 
reported  here. 

Results 

Synthesis  of  IJ(  CO  ),.!-•  Vf ( CO ) &L  complexes  were  prepared  either  directly 

(  reaction  (1 )  1  or  via  the  tetrahydrofuran  complex,  W(C0)5(THF),  (reactions 

5  9 

(2)  -  (3))  according  to  a  literature  procedure.  ’ 

W(C0)6  — ^ — v  W  ( CO)  gL  +  CO  (1) 

Ar  purged 
methyl  cyclohexane 

'  “(C0)6  TFWd  “(«»5(THF)  +  C0  (2> 

THF 


w(co)5(thf) 


a. 

L 


W(C0)5L  +  THF 


(3) 


Reaction  (1)  was  used  to  prepare  W(C0)^L,  where  L  =  pyridine,  piperidine, 
diethylnethylanire,  tri ethyl  amine,  2 ,4 ,6-trimethyl pyridi ne,  2-acetylpyridine, 
4-acetyl  pyridine,  2-benzoyl  pyridine,  4-benzoylpyridine,  4-cyanopyridine, 

4-formyl  pyridine,  acetone,  diethyl  ether ,  ethanol,  and  1-pentene.  A 
major  limitation  of  this  procedure,  however,  is  that  during  production 
of  W(C0)^L  secondary  photochemical  reactions  can  take  place  which  may 
lead  to  other  substituted  products.  The  route  involving  prior  photogeneration 
of  the  tetra vdrofuran  complex,  W(C0)^(THF)  (reactions  (2)- (3)),  has  considered! 
precedence,  as  it  largely  avoids  secondary  photolysis  products.  Reactions 
(2)  -  (3)  were  used  to  prepare  W(C0)^L,  where  L  =  pyridine,  piperidine, 

4-acetyl  pyridine,  4-benzoylpyridine,  4-cyanopyridine  and  4-formyl  pyridine, 
and  the  products  were  isolated  as  solid  complexes. 

Electronic  Absorption  Spectra.  Absorption  spectra  in  the  300  -  600 
nn  region  for  U{C0) -(4-ACpyr) ,  W(€0)5(4-BNpyr) ,  W(C0)5(4-CMpyr)  , 

U(C0)g(4-FMoy*-;  and  U(C0)g  in  methylcyclohexane  are  shown  in  Figure  la. 

A  comparison  of  the  absorption  spectra  of  W(C0)g(4-CNpyr)  in  methylcyclo¬ 
hexane  and  1:1  (by  volume)  methylcyclohexane/benzene  is  illustrated  in 
Figure  lb.  Absorption  spectral  data  for  the  complexes  studied  are 
summarized  in  "able  I. 

Lu-’iresse-te  Oata.  Corrected  emission  spectra  for  VJ(CO) g(4-ACpyr ) , 

’  CO)  -  '4-?.*.:vr‘; ,  ,i(C0)g(4-CNpyr)  and  W(C0)g(4-FMpyr) ,  as  solids,  and  in 
•'ethylcyclc''e;<are  and  benzene  at  298  K  are  shown  in  Figure  2.  The  band 
raxima  end  1 u- inescence  quantum  yields  are  summarized  in  Table  II.  The 
emission  sp-ct'-a  at  298  K  were  found  to  be  independent  of  excitation  wavelength; 
t^e  emission  fro-  S’(C0)5(4-C?lpyr)  was  also  determined  in  methylcyclohexane 
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using  530  nm  excitation  from  the  Nd  glass  laser  and  was  the  same  within 
experimental  error  to  that  shown  in  Figure  2.  For  W(C0)^(4-Cf;pyr)  in  a 
methyl  cyclohexane  glass  at  77  K  the  emission  spectrum  and  emission 

51 

lifetime  recorded  following  353  nm  excitation  was  as  reported  previously. 
Emission  was  not  observed  from  the  glass  using  530  nm  excitation. 

Very  weak  emissions  were  observed  in  the  500  -  600  nm  region  following 
pulsed  excitation  at  353  nm  of  5x10  -  2x10  M  solutions  of  W(C0),-L  in 

methyl  cyclohexane  at  298  K,  where  L  is  pyridine,  piperidine,  diethyl- 
methylamine,  triethylamine,  2,4,6-trimethyl  pyridine,  2-acetylpyridine, 

2- benzoyl  pyridine,  acetone,  diethylether,  ethanol,  and  1-pentene. 

The  emissions  from  these  solutions  followed  the  Nd  laser  pulse,  that  is, 
the  lifetimes  were  less  than  10  ns. 

-  5 

The  relative  emission  intensity  of  5.5x10  M  W(C0)^(4-ACpyr)  in 
methylcyclohexane  as  a  function  of  temperature  was  measured  using  353  nm 
excitation.  The  relative  emission  intensities  at  278,  283,  288,’  293,  298 
and  303  K  are  5.9,  6.3,  7.1,  7.4,  7.7  and  8.5  respectively;  the  least 
squares  line.  In  I  =  A  exp  (-E*/RT),  corresponds  to  an  apparent  activation 
energy  of  2.4  ±  1  kcal  mol”  . 

Emission  lifetimes  (t)  recorded  from  W(C0)g(4-ACpyr) ,  W(C0)5(4-BNpyr) , 
W(C0)5(4-CNpyr)  and  '.•.,'C0)c{4-FMpyr)  as  solids  or  in  solution  as  a  function 
of  temperature  are  reported  in  Table  III.  Emission  lifetimes  were 
observed  to  he  t^e  S2~e  £ol lowing  either  353  nm  or  530  nm  excitation. 

Plots  of  In  1/t  versus  1/7  give  good  Arrhenius  behavior  for  the  solid 
complexes  and  the  sol-:':.';,  studied,  the  least-squares  line  being  1/t  = 

A  exp  (-E*/RT) ,  R  in  kcal:  v e  apoarent  activation  energies  (E*)  and 
frequency  factors  (A)  are  shown  in  Table  IV.  The  activation  energies 
are  estimated  t  ■  re  :  to  1  kcal  mol’\ 
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The  luminescence  of  1.4x10  M  benzophenone  and  2.5x10  M  biacetyl 

was  quenched  by  2  -  5x10* 3M  U(C0)  ^(4-ACpyr) ,  W(C0)g(4-8Npyr) ,  l/(C0)^(4-C?.'pyr) 

and  W(C0)g(FMpyr)  complexes  in  solution.  Emission  spectra  at  293  K  were 

_  2 

recorded  from  solutions  of  (a)  1.4x10  M  benzophenone  in  benzene  and 
-2  -  5 

(5)1.4x10  f!  benzophenone  with  4.9x10  M  l/(CO)5(4-ACpyr)  in  benzene 
using  353  nm  excitation.  At  these  solution  concentrations,  excitation  at 
353  nn  can  be  assumed  to  be  entirely  into  benzophenone.  The  intensity  of 
the  emission  spectrum  obtained  from  (a)  is  3.2  times  that  obtained  from 
(5),  correcting  the  latter  spectrum  for  the  inner  filter  absorption  by 
the  W(C0)^(4-ACpyr)  complex.  Emission  lifetimes  of  the  benzophenone 
emission  were  recorded  from  these  solutions  using  353  nm  excitation  and 
were  found  to  be  (a)  8  us  and  ( b)  2.5  us  respectively.  Using  the  Stern- 
Volr.er  equation:  t°/t  =  1  +  k^t0  [Q] ,  where  t°  is  the  lifetime  in  the 
absence  of  quencher,  t  is  the  lifetime  with  quencher  present,  and  [Q]  is 
the  quencher  concentration ,  the  bimolecular  quenching  rate  constant 

is  calculated  to  be  5.6xl09 

-5 

Emissions  from  5-8x10  M  solutions  of  W(C0)g(4-ACpyr) ,  W(C0)5(4-BNpyr) , 
'•'(CC)-(4-CNpyr)  and  W(C0)^(4-FMpyr)  in  methylcyclohexane  were  quenched 

_3 

by  the  presence  of  5x10  11  anthracene,  9-methylanthracene  and 

-5 

1  ,2-5enzanthracene.  Emission  from  5-8x10  M  solutions  of  W(C0) ^(4-ACpyr) , 
»'-0) -(4-BNpyr) ,  ’./(C0)^(4-CNpyr)  and  V/(C0)^(4-FMpyr)  in  benzene  was 

_3 

c.. atoned  by  the  presence  of  5x10  M  acenapthaquinone.  Emission  quenching 

_  5 

was  not  observed  from  solutions  of  5-8x10  M  W(C0)^(4-ACpyr) , 

4-BNpyr),  W(C0)g(4-Cflpyr)  and  W(C0)g(4-FMpyr)  containing  5xl0-3  M 

C'.rysene,  coronene,  benzil,  fluoranthene  and  1 ,2,5,5-dibenzan- 

t^acene.  The  quenching  of  the  emission  lifetime  of  W(C0) ^(4-CMoyr) 

by  anthracene  follows  Stern-Volmer  kinetics  and  is  shown  in  Figure  3.  The 

slope  kq  corresponds  to  a  bimolecular  quenching  rate  constant  of 

.  -  m9.,-1  -1. 

■t . .  *  •  J  M  s 
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Photosubsti tut  ion  -eactivlty.  Figure  4  illustrates  the  spectral 
sequence  accompanying  t-e  -55  nn  irradiation  of  a)  W(C0) 5(4-ACpyr )  in 
methylcyclohexane  and  b)  W(C0)5(4-BNpyr)  in  methylcyclohexane,  showing 
progression  to  near  zero  ter-inal  absorbance  in  the  450  -  500  nm  region. 

Before  photolysis  0.05  V  ethanol  was  added  to  each  solution;  the  product 
in  each  case  is  W(CQ)g  H),  apparently  uncomplicated  by  side  or  subsequent 

reactions.  Quantum  yields  {:)  for  this  photosubstitution  reaction  have 
been  measured  for  VI(C0)-(4-C\pyr)  as  a  function  of  solvent  and  temperature 
and  are  reported  in  Table  V.  Plots  of  In  $  versus  1/T  for  W(C0) c(4-CNpyr) 

b 

solutions  show  good  Arrhenius  behavior,  the  least-squares  lines 
corresponding  to  apparent  activation  energies  of  7.9  ±  1  kcal  mol-1 
(methylcyclohexane),  7.3  =  1  kcal  mol  "*  (iso-octane)  and  7.6  ±  1  kcal  mol"^ 

(benzene).  The  temperatj’-e  dependencies  of  quantum  yields  for  W(C0)5(4-ACpyr) 
and  W(C0)5(4-B,\-pyr)  in  ~-:t-/l  cyclohexane  containing  0.05  M  ethanol  are 
reported  in  Table  VI.  The  data  for  W(C0) 5(4-ACpyr)  and  U(C0)5(4-BNpyr) 
showed  good  Arrhenius  behavior,  corresponding  to  apparent  activation 
energies  of  7.9  +  1  kcal  ~cl  1  and  7.5  =  1  kcal  mol"  respecti vely.  An 
early  loss  of  isosbestic  ttints  was  observed  on  photolysis  of  W(C0)^L 
solutions  not  containing  at  least  0.025  H  entering  ligand.  It  was 
noted  that  there  was  a  la:*  ze  dependence  of  both  the  photosubstitution 
quantum  yield  and  emiss-'f  '^-ev'r.e  on  the  ethanol  concentration  in 
the  0.025  -  0.1  M  rar.ee;  i - u  t^at  ethanol  is  not  a  quencher  in 

dilute  solution  and  cce:  ,e-:e  completely  the  photochemical ly  produced 

t;(C0)5  intermediate  .  '..a':."  y'eld  data  were  not  obtained  for. 

n( CO)  j(4-FMpyr)  in  rre:'..' :  e>  ane  because  of  thermal  reaction. 

The  photosuhbti tuti : *  -eaccivity  of  5.5xl0”^M  W(C0)^(4-CNpyr) 
in  methyl  cyclohexane  r  •  rz  3.05  ::  ethanol  was  recorded  at  two  other 

i 
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irradiation  wavelengths,  -23  rn  and  520  nm.  At  the  520  nm 
irradiation  wavelength,  the  yield  is  temperature  dependent,  the  values 
at  233,  233,  293,  233  and  333  K  are  0.011,  0.013,  0.016,  0.021  and  0.026 
respectively.  These  data  show  good  Arrhenius  behavior,  the  least-squares 
line  corresponding  to  an  apparent  activation  energy  of  7.6  ±  1  kcal  mol  . 
At  the  430  rm  irradiation  wavelength,  the  yield  is  temperature  dependent, 
the  values  at  283,  233,  293,  293  and  303  K  are  0.095,  0.099,  0.110, 

0.120  and  0.133  respectively.  The  least-squares  line  of  an  Arrhenius 
type  plot  corresponds  to  an  apparent  activation  energy  of  3.2  +  1  kcal  mol 

Quenching  of  the  photosubstitution  reactivity  of  W(C0)^(4-CNpyr) 

with  anthracene  ‘was  observed  using  520  nm  irradiation  wavelength,  near 

that  used  in  recording  the  lifetime  quenching  data.  A  Stern-Volmer 

type  plot  of  : °/c ,  where  superscript  zero  denotes  absence  of  quencher, 

is  linear  against  anthracene  concentration  (see  Figure  3).  The  slope 

is  common  with  the  lifetime  data,  within  experimental  error,  corresponding 

9  -1  -1 

to  a  bimolecular  rate  constant  of  4.0x10  M  s  ,  about  the  diffusion 
controlled  limit. 

Quenching  of  the  p^otosubstitution  reactivity  of  W( CO) ^(4-CNpyr) 
with  anthracene  was  also  observed  using  430  nm  irradiation  wavelength. 
Quantum  yields  were  recorded  over  the  first  5S  of  reaction;  this  largely 
avoids  a  ouild-up  of  the  cn;tcprcduct  W(C0)^(0Et)  which  absorbs  at  this 
■wave!  engtn.  _^e  gJarcJ~  ..  ie'ds  do  not  obey  Stern-Volmer  kinetics 
(see  Figure  3 ) . 

Excited  State  -bscTti:-  ard  Primary  Photoproduct  Spectra.  Following 

353  rr.  pulse  excitation  :**  T 0  W( CO) ^(4-ACpyr) ,  W(CO)5(4-BNpyr)  and 

W(C0)5(4-C,.pyr)  in  -et-yl  phexane  and  benzene  the  transmitted 

moritcrir:  tea-  showed  ar  i r stantaneous  deflection  from  V  to  V.  ,  that 

0  m 


irradiation  wavelengths,  -uS  rn  and  520  ran.  At  the  520  nm 
irraci3tion  wavelength,  the  yield  is  temperature  dependent,  the  values 
at  233,  233,  293,  293  and  3C3  K  are  0.011,  0.013,  0.016,  0.021  and  0.026 
respectively.  These  data  show  good  Arrhenius  behavior,  the  least-squares 
line  corresponding  to  an  apparent  activation  energy  of  7.6  *  1  kcal  mol  ^ . 
At  the  -30  ran  irradiation  .'.avel  ength,  the  yield  is  temperature  dependent, 
the  values  at  233,  233,  293,  293  and  303  K  are  0.095,  0.099,  0.110, 

0.120  and  0.133  respectively .  The  least-squares  line  of  an  Arrhenius 
type  plot  corresponds  to  an  apparent  activation  energy  of  3.2  +  1  kcal  mol 

Quenching  of  the  photosubstitution  reactivity  of  W(C0) ^(4-CMpyr ) 

with  anthracene  was  observed  using  520  nm  irradiation  wavelength,  near 

that  used  in  recording  t1*-  lifetime  quenching  data.  A  Stern-Volmer 

type  plot  of  :0/:,  where  superscript  zero  denotes  absence  of  quencher, 

is  linear  against  anthracene  concentration  (see  Figure  3).  The  slope 

is  common  with  the  lifetime  data,  within  experimental  error,  corresponding 

9  -1  -1 

to  a  bir.olecular  rate  constant  of  4.0x10  M  s  ,  about  the  diffusion 


controlled  limit. 

Quenching  of  the  p^otosubsti tution  reactivity  of  W(C0)g(4-CNpyr) 
with  anthracene  was  also  observed  using  430  nm  irradiation  wavelength. 
Quantum  yields  were  recorded  over  the  first  53  of  reaction;  this  largely 
avoids  a  ojild-up  of  the  p-oocprcduct  l/(C0)^(0£t)  which  absorbs  at  this 
wave!  eng  to.  -he  q.»art..“  .*1e*d  s  do  not  obey  Stern-Volmer  kinetics 
(see  Figure  3 ) . 

Excited  State  a^d  Primary  Photoproduct  Spectra.  Following 

353  rrn  pulse  excitation  c*  --L-10  W(C0)g(4-ACpyr) ,  W(C0)g(4-BMpyr)  end 
W(C0)g(4-C’ipyr]  in  -et'v'-.--' -hexane  and  benzene  the  transmitted 
rcritcrir:  :ea~  showed  ar  irstantaneous  deflection  from  V  to  V.  ,  that 
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is,  either  an  increase  or  decrease  which  followed  the  20  ns  laser  pulse. 
Here,  V  denotes  voltage  a:  the  oscilloscope  signal  from  the  photo¬ 
multiplier.  A  measurably  slow  change  then  occurred,  in  which  V.J.,  the 
intensity  at  time  _t  after  the  pulse,  either  increased  or  decreased  to 
a  final  value  V  .  The  instantaneous  and  relatively  slow  deflections  are 
assigned  to  excited  state  absorption  (ESA)  and  the  formation  of  primary 
photoproduct  (PP)  respectively.  The  extinction  coefficients  of  the 
excited  state  absorption  and  the  primary  pnotoproduct  were  calculated 
using  equations  (4)  and  '  5} . 

_  lo910  VVin  +  °*9  Do 

CESA  0.9  C 

o 

loSlc  Y0/!x  +  0-9  Do 
ePP  =  0.9  C 

o 

CQ  is  the  concentration  of  the  complex,  and  Dq  is  the  optical  density 
at  the  monitoring  wavelength.  Equations  (4)  and  (5)  correct  for  the 
monitoring  geometry  (see  Experimental).  The  actual  degree  of  photolysis 
by  a  single  laser  pulse  was  essentially  100"  in  the  monitoring  volume. 

The  calculated  excited  state  absorption  spectra  for  W(C0)5(4-ACpyr) , 
W(C0)g(4-BNpyr)  and  W ) 00 ) -'--CNpyr)  in  methyl  cyclohexane  and  benzene 
are  shown  in  Figure  E.  decay  of  the  excited  state  absorption  for 
any  of  the  U(C0)^L  cc~:'e-es  was  observed  to  be  a  single  exponential,  equal 
within  experimental  errcr  to  the  emission  lifetime  reported  in  Table  III. 
The  absorption  spectra  c*  primary  photoproducts  following  excitation 
of  W( CO) ^(4-ACpyr ) .  W(C9  r--?\pyr)  and  W(C0) &(4-CMpyr)  in  methyl  cyclo¬ 
hexane  and  benzene  are  s in  Figure  6. 


(4) 

(5) 
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Di  scussion 

Electronic  AbscTtlcr  Spectra.  The  absorption  spectra  shown  in 

Figure  1  show  two  distinct  absorption  maxima  (both  with  l.  >  5x10  ff  cm'  ) 

for  each  of  the  W(C0'-L  co~plexes  in  nethylcyclohexane.  The  higher 

energy  absorption  bard  -axira  at  403  nm  (±  2  nm)  are  essentially 

unshifted  by  variations  in  the  nature  of  the  substituent  on  the  pyridine 

ligand  and  the  solvent  -edium  (see  Figure  1  and  Table  I).  The  lower 

energy  absorption  bard  ~axi'*a  are  observed  in  the  range  435  -  470  nm 

and  their  positions  ill jstrate  an  extraordinary  dependence  on  the  nature 

of  ligand  substituent  and  the  solvent  medium  (see  Figure  1  and  Table  I). 

As  the  nature  of  the  pyridine  ligand  substituent  becomes  more  electron 

withdrawing,  that  is,  as  one  moves  from  L  =  4-ACpyr  to  L  =  4-FMpyr,  the 

band  undergoes  a  red  shift.  In  a  more  polar  solvent  medium  the  band 

appears  to  reduce  in  intensity  and  to  blue  shift;  for  the  solvents 

benzene,  tetrahydro*urar  and  ethanol,  this  band  progressively  overlaps 

with  the  high  energy  transition  and  their  maxima  becomes  indistinguishable 

(see  Table  I).  These  absorption  bands  at  ^  403  nm  and  435  -  470  nm  have  been 

previously  assignee  ::  a  ligand-field  (LF)  ^ A1  ( e^b^)  -  1  E( e^b^a^ 1 ) 

transition  and  a  ratal  to  ligand  charge-transfer  (MICT)  transition 
51 

respectively.  Cun  rata  3-pccrts  this  assignment. 

Weaker  absorcti : ^  ;  =  ';s  cri  deserved  in  the  W(C0)cL  spectra  shown  in 
Figure  1.  The  : :  311  r~,  and  shouldersat  n,  370  nm  do  not  shift 

appreciably  with  variav' ;-s  c*  f-~  pyridine  ligand  substituent  and  the 
solvent  polarity.  T'esa  c*  bands  are  assigned  as  ligand-field 

transitions.  T^e  1:..  ri-y.  s  - :  .  1  d r 5  to  the  435  -  470  nm  bands  are 
sensitive  to  changes  ■  '  :re  "■atu-'e  0f  ligand  substituent  and  solvent 
polarity.  This  a:  v ,  in  re  -aJ  -  520  nm  range,  is  therefore 

again  assigned  as  a  -r.-l  to  ligand  charge-transfer  transition.  The 


-11- 


use  of  spin  multiplicity  designations  has  been  avoided  in  these  assignments 
because  there  is  expected  to  be  substantial  coupling  of  spin  and  orbital 
angular  moments  for  such  heavy  transition  metal  complexes. 

The  energy  of  an  excited  state  formed  immediately  following  the 
absorption  process  can  be  approximated  from  the  long  wavelength  tail 
-0_0  of  a  broad-band  absorption.  We  have  assumed  the  absorption  bands  in 
the  W(C0)^L  spectrum  to  be  gaussian  in  shape,  and  have  taken  the 
'0_0  transition  to  be  at  v^..,  where  absorption  intensity  at  =  (0.05) 

(absorption  intensity  at  v  ).  from  the  electronic  spectra  of  the 

W(C0)5L  complexes,  where  L  is  4-ACpyr,  4-BNpyr,  4-CNpyr  and  4-FMpyr  in 
nethylcyclohexane,  iso-octane  and  benzene  the  positions  of  the  LF 
transition  v^,  are  estimated  to  be  22.6  ±  0.4  kK.  From  these  electronic 
spectra  the  positions  of  the  MLCT  transitions  are  estimated  to  be  at 
19.5  ±  0.4  kK  and  18.5  =  0.4  kK. 

luminescence  Data.  Luminescence  with  quantum  yields  of  the  order 

-4  -3 

of  10  -  10  was  observed  from  W(C0)^L  complexes,  where  L  is  4-ACpyr, 

4-BNpyr,  4-CNpyr  and  4-FMpyr  following  excitation  in  fluid  solution 
(see  Figure  2  and  Table  II).  These  results  are  the  first  of  their  kind 
obtained  from  group  6b  metal  carbonyl  complexes.  Very  weak  emissions 
with  decays  which  were  immeasurable  on  our  apparatus  were  observed 
^rom  other  U(C0)-L  complexes  in  fluid  solution,  where  L  is  pyridine, 
piperidine,  diethylrethylamine,  triethylamine,  2,4 ,6-trimethypyridirie, 
2-acetylpyridine,  2- ber.zoyl pyridine,  acetone,  diethylether,  ethanol  and 
1-pentene.  The  more  el ectron-wi thdrawing  substituents  give  rise  to 
lower  energy  "lCT  exoited  states;  when  the  ligand  substituent  is  the 
acetyl,  benzoyl,  c/ano  or  formyl  groups  and  in  the  para  position  on 
the  pyridine,  the  MLCT  excited  states  move  below  the  LF  excited  state. 


-12- 


The  W(CO)^L  complexes  which  have  MLCT  excited  states  as  the  lowest 

energy  absorption  features  (see  Figure  1,  Table  I  and  reference  51)  exhibit 

measurable  luminescence  and  relatively  long  radiative  decays  in  fluid 

solution.  These  observations  support  those  made  previously  for  W(C0)^L 

51 

complexes  in  EPA  glasses. 

Solvent  effects  for  the  WfC0)^L  luminescence  are  also  noticeable. 

For  the  non-polar  solvents  studied,  the  emissions  were  generally  of 
greater  yield  and  with  longer  lifetime  compared  to  the  more  polar 
solvents.  For  the  n(CG)-L  complexes  in  tetrahydrofuran  and  ethanol, 
the  luminescence  v/as  very  weak  and  the  emission  lifetimes  were  relatively 
short.  These  effects  are  attributed  to  an  increased  rate  of  nonradiative 
decay  from  the  excited  state  of  W(C0)rL  in  the  more  polar  solvents.  As 
a  result  of  thermal  substitution  reactions  of  the  W(C0)5L  complexes  in 
tetrahydrofuran  and  ethanol,  lifetime  data  were  not  obtained  for  temperatures 
above  283  K. 

The  pattern  for  our  n'(C0)gL  series  is  that  if  the  MLCT  absorptions 

lie  below  the  first  ligand  field  absorption,  emission  of  relatively 

long  lifetime  is  observed.  As  a  caution  against  generalization,  the 

complex  W(CO)tj(benzo[cjcinrol  ine)  showed  no  detectable  emission,  yet  has  a 

55 

MLCT  absorption  at  533  r~  in  ri-hexane  solvent,  or  well  below  the  energy 
of  such  absorptions  in  our  series.  The  benzo[c]cinnol  ine  ligand 
is  presumably  coordirassd  through  one  of  the  nitrogen  atoms. 
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It  is  rot  clear  why  this  complex  behaves  differently  from  those  of 
our  series,  but  it  ray  be  relevant  that  the  538  nm  MLCT  band  does  not 
show  a  long  wavelength  shoulder,  while  our  series  of  complexes  do. 

The  energy  of  an  eritting  state  can  be  approximated  from  the  short 
wavelength  tail  of  the  emission  spectrum.  He  have  assumed  the  emission 
band  frc~  a  K(C0)gL  co-plex  to  be  gaussian,  and  have  taken  the 
v  transition  to  be  where  emission  intensity  at  vCo,  =  (0 . 0 5 ) 

(amission  intensity  at  ).  The  positions  of  the  emitting  state  (rv:.) 
for  the  W'CC'gL  complexes,  where  L  is  4-ACpyr,  4-BNpyr,  4-CMpyr  and 
4-FM?yr  in  methyl  cyclohexane  and  benzene  were  thus  estimated  from  the 
emission  spectra  of  Figure  2  to  be  19.6  t  0.4  kK  in  each  case.  This  value 
is  eq-al  within  experi~ental  error  to  the  v  of  the  higher  energy  MLCT 

absorption;  the  emission  is  therefore  assigned  to  this  transition  for 
each  of  the  '..'(CO)gL  complexes.  The  MLCT  excited  state  which  was  estimated 
to  have  an  energy  of  13.5  =  0.4  kK  has  too  low  an  energy  to  be  the 
emitting  state. 

The  luminescence  data  that  was  obtained  from  the  W( CO) gL  complexes 
in  solution  was  observed  to  be  the  same  following  either  353  nm  or  530  nm 
excitation  pulses.  The  pulse  energy  of  530  nm  excitation  corresponds 
to  13.9  <K,  too  low  to  copulate  the  MLCT  excited  state  at  19.6  ±  0.4  kK. 

It  is  ass--ed  that  t^er-al  energy  is  required  from  the  solution  to 
populate  tri s  state.  However,  at  glass  temperatures  very  little  energy 
will  be  available  to  the  excited  W(CO)^L  molecule  from  its  environment 
and  excitation  at  533  n-  should  not  produce  the  emitting  state.  This  we 
ccnfir-eo  by  experi-ent;  V/( CO)  4- CNpyr )  in  a  methyl  cyclohexane 
glass  at  77  K  was  observed  to  luminesce  following  353  nm  excitation, 
but  rc  Vu- inescerce  was  observed  following  530  nm  excitation.  This  is 
further  evidence  that  it  is  the  higher-energy  MLCT  excited  state  that  is 
the  e-ittirg  state. 


The  apparent  activation  energy  for  the  emission  intensity  of 
Vi(CO) ^(4-ACpyr)  in  nethylcyclohexane  is  2.4  ±  1  kcal  mol~\  and  equal  to 
the  mean  of  the  apparent  activation  energies  obtained  from  the  temperature 
dependence  of  the  emission  lifetimes  for  the  W(C0)^L  complexes  in  solution 
(Table  IV).  This  activation  energy,  within  experimental  error,  corresponds 
to  the  energy  differences  assigned  between  the  low-lying  MLCT  excited 
states.  Furthermore,  the  emission  intensity  increases  and  the  emission 
lifetime  decreases  as  the  solution  temperature  is  raised,  behavior  which 
is  uncharacteristic  of  a  single  emitting  state.  These  results  imply 
that  the  higher-energy  MLCT  excited  state  (the  emitting  one)  is  thermally 
populated  by  the  lower-energy  MLCT  excited  state  for  the  W(C0)5L  complexes 
which  luminesce  in  fluid  solution. 

Quenching  experiments  were  undertaken  to  bracket  the  energies  of 
the  excited  states  of  V.'(C0)5L,  where  L  is  4-ACpyr,  4-BNpyr,  4-CNpyr  and 
4-FMpyr.  These  W(C0)5L  complexes  were  observed  to  act  as  quenchers  at 
approximately  diffusion  controlled  rates  for  the  phosphorescence  of 
benzophenone  and  biacetyl-  The  triplet  energies  (Ey)  for 

63 

benzophenone  apd  biacetyl  are  24.0  kK  and  19.2  kK  respectively. 

Assuning  that  the  quenching  process  is  energy  transfer,  this  places  the 

energy  of  the  quenching  excited  state  of  W(C0)5L  as  ^  19.2  kK.  The 

W(C0)^L  e-issicn  was  also  quenched  by  several  anthracenes,  which  strongly 

suggests  that  energy  transfer  is  the  quenching  mechanism.  VJ( CO ) 

emissions  were  quenched  by  anthracene  (Ey  =  14.7  kK),64  9-methylanthracene 

(Ey  =  15.2  kK),J‘*  1  , 2-benzanthracene  (Ey  =  16.5  kK)64  and  acenaphthaquinone 

(Ey  =  17.9  kK),'0  but  net  by  1,2,5,6-dibenzanthracene  (Ey  =18.3  kK) ,64 

fluoranthene  (E_  =  IS. 5  k.K)  ,6_T  benzil  (Ey  =  18.8  kK)  ,6^  coronene  (Ey  = 

6* 

19.1  kK)  “  or  enrysene  (Ey  =20.0  kK) .  These  results  bracket  the  energy 


of  the  quenchable  excited  state  of  Vi(C0)^L  to  be  17.9  -  13.3  kK.  The 

'data  imply  that  it  is  only  the  lower-energy  MLCT  excited  state  (18.5  ±  0.4  kK) 

which  is  involved  in  the  energy  transfer  mechanism. 

The  quenching  of  the  emission  lifetime  of  W(C0) g(4-CNpyr)  follows 
Stern-Volner  kinetics  (Figure  3)  with  a  bimolecular  quenching  rate 
constant  approaching  that  of  the  diffusion  controlled  limit. 

Photosubstitution  Reactivity.  Photodissociation  of  ligand  (L)  has 
been  shown  to  be  the  -ost  efficient  chemical  process  over  our  excitation 
region  (equation  (5),.^’^’^ 

“<Ct»6l  OJT'  W(CO)5(C2H5OH)  (6) 

2  5 

In  the  presence  of  an  excess  of  entering  ligand  eg.  0.025  -  0.1  M  ethanol, 

the  photosubstitution  reaction  appears  to  be  uncomplicated  by  side  or 

subsequent  reactions.  Figure  4  illustrates  the  spectral  sequence 

accompanying  the  465  r.r.  photolyses  of  '.{(00)^1  complexes,  showing  a  clear 

progression  to  near  zero  terminal  absorbance  in  the  450  -  500  nm  region. 

The  quantum  yields,  determined  for  the  reaction  (6)  are  listed  in 

Table  V.  The  low  values  are  consistent  with  results  reported  for 

51 

substituted  pyridine  ligands  of  this  type;  this  seems  to  be  characteristic 
of  the  case  where  ve  '*157  state  lies  below  the  LF  state.  Quantum  yields 

for  conolexes  in  v.oicr  LF  state  is  lowest  in  energy  are  significantly 

..  h  51 
higher. 

The  quantum  yield  ( CO ) ^ ( 4- CTipyr )  undergoing  reaction  (6),  does  not 

show  a  solvent  dece'de':^.  In  totrahydrofuran  and  ethanol,  the  quantum 
yields  for  ..ere  measured  at  283  K  only  since  thermal 

substitution  reactics  were  taking  place  at  higher  temperatures.  The 
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lack  of  dependence  of  the  quantum  yield  on  ethanol  concentration  is  a 
good  indication  that  ethanol  is  not  a  quencher  in  solution,  and  does 
scavenge  completely  the  photochemically  produced  W ( CO ) ^  intermediate. 

The  quantum  yield  for  W(C0) ^(4-CNpyr )  is  temperature  dependent. 

The  apparent  activation  energies  for  the  photosubstitution  quantum  yields 
at  465  nm  of  W(C0) ^(4-CNpyr )  in  methylcyclohexane,  iso-octane  and  benzene 
are  the  same  within  experimental  error,  with  a  mean  value  of  7.8  ±  1  kcal 
mol'1.  Quantum  yields  for  W(C0)g(4-ACpyr)  and  W(C0)^(4-BNpyr)  were  lower 
than  the  above  ones  at  any  given  temperature  (see  Table  VI),  the  data 
corresponding  to  apparent  activation  energies  of  7.9  ±  1  kcal  mol"1  and 
7.5  +  1  kcal  mol’1  respectively.  These  activation  energies  correspond, 
within  experimental  error,  to  the  energy  difference  between  the  higher 
energy  MLCT  state  (19.5  ;  0.4  kK)  and  the  LF  state  (22.6  ±  0.4  kK);  the 
implication  is  that  chemical  reaction  occurs  from  the  higher  lying  LF 
state,  which  is  in  steady-state  equilibrium  with  the  emitting  CT  state. 

The  quantum  yield  for  '.-.'(COjgU-CNpyr)  in  methylcyclohexane  is  dependent 
on  the  irradiation  wavelength,  being  larger  following  higher  energy 
excitation.  The  apparent  activation  energy  following  520  nm  photolysis 
(7.6  +  1  kcal  mol  1 )  is  the  same  within  experimental  error  to  that  observed 
for  the  465  n;n  photolysis  (7.9+1  kcal  mol’1),  whereas  the  apparent  activation 
energy  following  430  r.m  photolysis  (3.2  +  1  kcal  mol’1)  is  significantly 
lower,  lie  attribute  t'ese  observations  to  direct  population  of  the  LF 
excited  state  following  t30  nm  excitation,  which  gives  rise  to  substitu¬ 
tion  at  a  competitive  rate  to  internal  conversion  to  the  relatively 
unreactive  low-lying  ' L C 7  states. 

The  quenching  of  t-e  ohotosubstitution  quantum  yield  of  W(C0)5(4-CNpyr) 
by  anthracene  at  520  nm  follows  Stern-Volmer  kinetics,  with  a  common  slope 
within  experimental  error  to  that  observed  for  the  emission  lifetime 


-17- 


quenching  (Figure  3).  This  result  strongly  indicates  that  the  emitting 

state  of  VI(C0)-(4-CNpyr)  is  implicated  in  the  photochemistry.  Quantum 
0 

yield  quenching  measurements  are  also  recorded  using  430  nm  excitation. 

The  data  does  not  obey  Stern-Volmer  kinetics  (see  Figure  3). 

The  non-linear  behavior  is  further  evidence  of  direct  population  of  the 
LF  excited  state  following  430  nm  excitation  which  chemically  reacts  at 
a  competitive  rate  to  internal  conversion  to  the  quenchable  low-lying 
MLCT  states. 

Whereas  the  photoreactivity  ($)  quenching  data  for  W(C0) ^(4-CNpyr) 
in  methyl  cyclohexane  is  dependent  on  the  excitation  wavelength,  the 
emission  lifetime  (-)  quenching  data  can  be  assumed  to  obey  the  measured 
Stern-Volmer  type  kinetics  at  any  excitation  wavelength.  The  extent 
of  unquenchable  photolysis  at  430  nm  of  W(C0) &(4-CNpyr)  in  methylcyclo- 
hexane  is  obtainable  from  a  plot  of  <j>/<j>°  versus  t/t0,66  as  shown  in 
Figure  7.  The  intercept  gives  the  unquenchable  yield,  33%  in  this  case. 

We  attribute  this  yield  to  direct  chemical  reaction  through  the  LF 
excited  state  following  430  nm  excitation  of  W(C0)5(4-CNpyr)  in  methyl- 
cyclohexane. 

Excited  State  Absorption  and  Primary  Photoproduct  Spectra.  The 
excited  state  absorption  (ESA)  spectra  for  W(C0)5(4-ACpyr) ,  W(CO)5(4-BNpyr) 
and  W(C0) -(4-c’ipyr)  in  methyl  cyclohexane  and  benzene  show  two  absorptions 
(Figure  =) .  The  absorptions  decay  with  the  lifetime  of  the  emitting 
state.  We  therefore  assign  the  ESA  absorption  features  to  be  due  to 
transitions  from  the  ^c^er- energy  MLCT  state  to  high  energy  excited 
states. 

The  absorption  spsctr;  of  the  primary  photoproducts  of  U(C0)r(4-ACpyr) , 

W(C0)5(4-2\pyr)  and  W(C0; -(A-CVpyr)  following  laser  pulse  photolysis 

are  coincident  within  e/cerirental  error  in  methyl  cyclohexane  (a  =  428  nm) 

max 
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ar.d  benzene  (x^.^  =  4C2  nr)  'see  Figure  6).  For  the  W(C0)^L  complexes 

'  '  3-11 

"ethyl cyclohexane,  :^e  value  of  •:  is  6.7xlOJ  M~  cm"  ,  and  the 

mci  x 

position  of  the  maximum  is  within  the  range  of  wavelengths  reported  for 

tungsten  pentacarbonyl  scecies  generated  in  low  temperature  SF^  (461  nm) , 

Ar  (437  nm),  Xe  (417  '  a’-d  (413  nm)  matrices,^  as  well  as  in  the 

67 

pulsed  radiolysis  study  ir  cyclohexane  (415  nm).  Recently,  we  have 

shown  that  the  inter-ediete  produced  in  the  laser  pulse  photolysis  of 

W(C0)g  in  methyl  cyclohexane  at  room  temperature  is  a  solvent  coordinated 

27 

species,  U(C0)cS,  whicr  is  then  scavenged  by  the  entering  ligand.  The 
absorption  spectrum  cf  cMs  intermediate  is  the  same  within  experimental 
error  as  that  shown  here,  which  i~pl  ies  that  the  common  primary  photo- 
product  of  the  ! / (CO)-’-  ::~clexes  is  the  W(C0)rS  species. 


Su~nary 


Our  results  have  s^own  that  the  emitting  state  of  the  W(C0)5L 
cc".plexes  is  implicated  *-  t'e  photochemistry,  that  is,  chemical  reaction 
occurs  from  or  via  this  state.  Two  low-lying  MLCT  excited  states  are 
inferred,  the  emitting  ;-e  a;  19.  f.  -  0.4  kK,  and  one  which  is  quenchable 
at  12.5  r  0.4  kK.  A  Lr  excited  state  at  22.6  ±  0.4  kK  has  been  estimated 
frc~  the  electronic  acs: •*:ticn  scectra.  Possible  excited  state  schemes 


for  the  W(C0)5L  cc"tla^ 


i^esce  in  fluid  solution  are  shown 


m  Fi cure  3. 


Scheme  (a) 


a: .ate  to  be  the  lowest-lying  MLCT  state. 


is  onotocnemica 1  rsacv 


. .  1  y  occurs  by  dissociation  of  the  ll-L 


bond  to  form  a  «(CC)- 
entering  ligand. 


:  ■ 'terr ediate,  which  is  then  scavenged  by  th 
■  •>:  •  ; reaction  must  then  be  activated 


t:  the  extent  of  7 . { 
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Schere  (b)  presents  an  attractive  alternative,  in  which  chemical 

reaction  occurs  from  the  IF  state  lying  above  the  low-lyirig  MLCT  states, 

and  in  steady-state  equilibrium  with  them.  The  observed  activation 

energy  for  the  pmotosubstitution  reaction  is  now  attributed  primarily 

to  the  energy  difference  between  the  LF  and  MLCT  states.  In  this  scheme, 

excitation  leads,  through  the  intersystem  crossing,  to  a  MLCT  state. 

This  state  is  emitting  but  not  highly  chemically  reactive.  The  higher 

energy  LF  state  does  react  efficiently,  but  the  overall  quantum  yield  is 

small  because  of  the  cc-petition  with  non-radiative  decay  at  the  MLCT  state. 

The  detailed  kinetics  for  such  a  system  have  been  reported  elsewhere. 

At  higher  excitation  energies,  the  LF  state  is  directly  populated,  and 

as  a  consequence,  the  quantum  yields  for  photosubsti tuion  are  increased. 

Similarly,  at  higher  excitation  energy  the  W(C0)5L  photosubstitution 

shows  a  significantly  lower  temperature  dependence  and  the  quenching 

data  do  not  obey  Stern-Volrer  kinetics.  This  type  of  scheme  (b)  has  been 

2+  ?? 

proposed  to  explain  the  photochemical  behavior  of  Ru(NH3)5L  complexes 
as  well  as  for  the  present  type  of  carbonyl  complexes. jt  has  the 
appealing  feature  of  accounting  for  the  increase  in  the  quantum  yield  for 
photosubstitution  for  W'CC)rL  complexes,  where  L  is  such  that  the  MLCT 

o 

absorption  bands  are  at  higher  energy  than  the  LF  one. 


Excerirertal 

Materials.  -  7urgster  rexacarbonyl  (Strem  Chemicals)  was  purified 
by  subl i~ati zn .  The  liga-bs  pyridine,  piperidine,  diethylmethylamine, 
trfethyla-fre,  Ipyridine,  acetone,  diethylether  and 

ethanol  are  c: — ere ial’y  available  and  were  distilled  prior  to  use.  The 
ligands  1-pe'te'e  'Tri  i:~  Chemical  ),  2-acetyl  pyridine,  4-acetyl  pyridine,  | 

2- benzoyl o.vi di me ,  4-b=':oyl pyridine,  4-cyanopyridine  and  4-formylpyridine  j 


(Aldrich)  were  used  without  further  purification.  Chemicals  used  in 

quenching  experiments  were  obtained  from  Aldrich  and  purified  as  follows: 

anthracene  (recrystall ized  from  benzene),  acenapthaqui none  (recrystall ized 

from  ethanol),  1 ,2- benzanthracene  (resublimed),  benzil  (resublimed), 

benzophenone  (recrystall ized  five  times  from  ethanol),  biacetyl  (distilled 

twice),  1 ,2,5,6-diter.zanthracene  (recrystal  1  ized  from  benzene),  and 

9-nethyl anthracene  (recrystall ized  from  benzene);  coronene,  chrysene 

ana  fluoranthene  were  used  without  further  purification.  Solvents  used 

were  obtained  from  "3  Manufacturing  Chemists  and  were  OmniSolv  grade. 

The  methyl  cyclohexane,  tetrahydrofuran  (THF)  and  ethanol  however,  were 

further  purified  by  several  distillations,  so  as  to  remove  emitting 

impurities.  Alumina  (HC3  Manufacturing  Chemists)  and  silica  gel 

(Matheson,  Coleman  arc  Sell)  were  used  as  chromatographic  sorbents. 

Synthesis  of  '„'( C?)  3  -  W(C0)^L  complexes  were  prepared  in  solution 

-4 

by  313  nm  photolysis  of  1C  M  W(C0)^  and  0.1  M  L  in  argon  purged 

r.etnyl cyclohexane  (reaction  (1)).  W(C0)^L  complexes  were  prepared  and 

isolated  by  reacting  A  —ole  of  photoproduced  W(C0)^(THF)  with  4  mmol 

L  in  argon  purged  T-'F.  (reactions  (2)-(3)).  The  THF  was  removed 

by  rotary  evaporation  and  the  solid  product  was  redissolved 

in  iso-octane  and  curif-led  by  column  chromatography  on  alumina  or  silica 

cel.  The  rain  imrurives  were  found  to  be  unreacted  W(C0)c  and  L. 

”  0 

El  ution  first  was  -  a octane  until  the  UV  absorption  features  of 

Vi(C0)g  could  no  lorge-  re  detected  in  the  eluant,  followed  by  elution 
of  the  product  complex  -  't  concern  or  toluene.  The  product  was  recovered 
by  rotary  evaporation  -V*fer  purified  by  recrystall ization.  The 
infrared  and  uv-visi:'-:  a::c-rtion  spectra  agreed  well  with  those  published. 
Cnro~atographic  e c::  • : :  - 1 s ,  elation  agents,  crystallization  solvents 
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and  elemental  analyses  are  given  below. 

W'CO' ,(  D/ridine) :  alumina,  benzene,  iso-octane/benzene. 

0 

Found:  C,  30.1°!;  H,  1  .4’;  ?(,  3.3°;. 

Calculated:  C,  29.8-'-;  H,  1.3=1;  N,  3.5',. 

W(CO}r(piperidine} :  alumina,  benzene,  iso-octane/benzene. 

Found:  C,  29. 05;  H,  2.7=1;  !J,  3.7=1. 

Calculated:  C,  29.4:;  H,  2.7*5;  fl,  3.4*5. 

W(C0)g(4-acetylpyridine) :  alumina,  benzene,  n-hexane/benzene. 

Found:  C,  32.9=;  H,  l.-:>  N,  3.3fd. 

Calculated:  C,  32.4-:;  H,  1.6:;;  N,  3. 11"!. 

W(CC)r(4-benzoylpyridine] :  alumina,  benzene,  n-hexane/benzene. 

Found:  C,  41 . 0< ;  H,  1.3s,;  N,  2.8=1. 

Calculated:  C,  40.3=';;  H ,  1.8=1;  N,  2.8". 

W(C0; -'4-cyanopyridine; :  alumina,  benzene,  iso-octane/toluene. 

Found:  C,  30.3=1;  H,  1.0V.  •{,  6.8%. 

Calculated:  C,  30.9. ;  2.9%;  M,  6.5". 

W(C0) -(4-formyl  pyridine) :  silica  gel,  benzene  /iso-octane  (1:2),  iso¬ 
octane/benzene. 

Found:  C,  30. 0%;  H,  1.1  V,  \\  3.5=1. 

Calculated:  C,  30.7  . ;  H,  1.2=1;  II,  3.3=:. 

- :  •  ~  r'-ent  and  Proced'Jres 

Cetails  of  the  lase--  photolysis  and  monitoring  equipment  are 
described  elsewhere.  Emission  lifetimes  were  recorded  using  either 

frequency  doubled  (533  •v)  or  tripled  (353  nm)  20-ns  pulses  from  the  Fid 
glass  laser  and  considered  to  be  accurate  to  ±  10".  Emission  was  recorded 
at  any  single  wavelergp-  (in  530  -  650  nn  region)  by  a  Jarrell-Ash  Mark  10 


IS'-W  i 


ncrccrremator  and  detected  by  an  RCA  7265  photomultiplier  and  Tektronix 
Vccei  7544  oscilloscope.  Corning  glass  filters  were  placed  on  the  mono- 
chromator  entrance  slit  to  block  out  the  laser  light  but  transmit  at 
greater  than  580  nm.  Piets  of  log  (emission  intensity)  versus  time  were 
linear  for  all  complexes  ■crom  which  luminescence  was  recorded.  Excita¬ 
tion  was  at  353  nn  for  monitoring  experiments.  For  these  experiments, 
the  1  cm  diameter  laser  beam  was  shaped  using  a  cylindrical  lens  to 
give  an  irradiated  area  c*  2x9  mm  on  the  front  window  of  a  four  clear¬ 
sided  cell.  The  monitoring  beam  traversed  the  full  1  cm  width  of  the 
irradiation  cell,  but  the  excitation  pulse  was  shaped  to  be  9  mm  wide. 
Tr.us  the  monitoring  bea~  passes  through  1  mm  of  unphotolyzed  solution  and 
9  ~n  of  photolyzed  solution.  The  transmitted  monitoring  beam  was  reduced 
onto  the  slit  of  the  ronccnrcmator ,  and  exited  onto  a  five-stage  RCA 
4849  photomultiplier.  Saturation  effects  were  avoided  by  employing  a 
mecnanical  shutter.  Typical  entrance  and  exit  slits  in  either  experiment 
were  1  mm. 


Emission  spectra  at  233  K  were  recorded  using  a  Perkin-Elmer  Model 
63C-1 CS  fluorescence  spectrophotometer  and  corrected  for  the  Hamamatsu  RS2 
P'ot:~ ul tipi ier.  Emission  spectra  at  77K  were  recorded  using  the  Nd 
glass  laser.  Luminoscerce  quantum  yields  were  calculated  using  a  known 


?+  4  ~ 

e-iccer,  Rufbipy)^"  . 


?":tolysis  exper i~e"os  were  performed  with  an  Illumination  Industries 
!2  medium  pressure  mercury  arc  lamp.  Rolyn  Optics  Co.  and  Baird- 
: r - i c  interference  filters  (10  nm  band  pass)  were  used  to  isolate 


irraciation  wavelengths  at  430  nm,  465  nm  and  520  nm.  Typical  light 

-Q 


irte-sTties  were  10 
(432  r-)  or  Reineckate 


Einstein  s  ^  determined  by  Ferrioxalate^ 


nm  and  520  nm)  actinometry.  Quantum  yield 
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reas urenents  were  made  for  disappearance  of  starting  material  in  the 
t;'  -  530  nm  region.  They  were  corrected  for  the  small  inner  filter 
effects  due  to  product  formation  and  changing  degree  of  light  absorption 
when  necessary.  Reproducibility  was  within  +  10°i. 

In  the  emission,  monitoring  and  photolysis  experiments,  sample 
solutions  were  filtered  immediately  before  use  through  a  0.22  ;itn 
Mi  111  pore  filter  and  transferred  to  a  1x1  cm  spectrofl uorimeter  cell. 

The  solutions  were  de-aerated  by  argon  purging  for  20  minutes.  The 
temperature  of  the  solution  in  the  cell  was  controlled  to  0.1°C  by 
circulating  thermos tatted  water. 

Luminescence  data  of  solid  W(C0)^L  were  recorded  using  a  triangular 
cell  with  the  front  face  at  45°  to  the  exciting  light.  Conventional 
absorption  spectra  were  obtained  by  means  of  a  Cary  Model  14R  and  a 
Hewlett-Packard  8450A  recording  spectrophotometers.  Infrared  spectra 
were  recorded  in  iso-octane  using  a  Perkin-Elmer  Model  281  spectrometer . 

Elemental  analyses  ..ere  performed  by  Analytical  Facility, 

California  Institute  of  Technology. 
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Table  I 


Absorption  Band  Maxima  for  W(C0)^L  Complexes  at  298  K. 


L 

Band  Maxima  (?. ,  am; 

( e ) ,  M  ^  cm  1 ) 

Solvent 

Methylcyclohexane 

Iso-octane 

Benzene 

THF 

Ethanol 

4-ACpyr 

404  (9650) 

442  (9590) 

404  (8520) 

440  (8310) 

402  (9810) 

398  (9600) 

398  (9540) 

4-3Npyr 

405  (8780) 

435  (7790) 

405  (7720) 

435  (6870) 

403  (9530) 

398  (9380) 

398  (9310) 

4-CNpyr 

404  (7280) 

454  (8680) 

404  (6180) 

455  (7810) 

404  (8040) 

398  (8390) 

398  (8370) 

4-FMpyr 

402  (5990) 

470  (7640) 

402  (5830) 

470  (6850) 

402  (7280) 

399  (6940) 

398  (6850) 

1 
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Erissicn  Data3  for  W(C0)^L  complexes  at  298  K 


L 

Emission  Maxima 

(kK)b 

Luminescence  Quantum  Yield 

( XI o-^) 

Solid 

Solvent 

Sol vent“ 

Methyl 

- 

Methyl  - 

cyclohexane 

Benzene 

cyclohexane 

Benzene 

4-ACp/r 

17.25  16.08 

15.90 

5.3 

1.6 

4-SNcyr 

18.75  16.23 

16.42 

7.7 

2.3 

4-C\?yr 

16.80  15.88 

15.54 

2.2 

1.3 

4-FVpyr 

16.60  15.85 

15.38 

1.0 

aThe  excita 

tion  wavelength  is  400 

nm . 

bCorrected 

for  variation  in  photomultiplier  response 

as  a  function 

of  wavelength. 

r  _ 

"S-cxlC  w  "  de-aerated  solutions. 
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Table  III  Solvent  and  Te-perature  Dependence  of  Emission 


Lifetime  for  H(C0)^L  Complexes 


Temperature  L 

(K) 

Emission  Lifetime  (ys)a 

Solid  Solvent*5 

Methyl  - 

cyclohexane  Iso-octane  Benzene 

THF 

Ethanol 

278 

4-ACpyr 

1.401 

0.554 

0.562 

0.258 

0.057 

0.028 

4-Bhpyr 

1.633 

0.621 

0.577 

0.235 

0.043 

0.027 

4-CNpyr 

2.326 

C.433 

0.435 

0.269 

0.075 

0.034 

4-FMpyr 

0.528 

0.333 

0.359 

0.139 

0.040 

0.025 

283 

4-ACpyr 

1.305 

C.519 

0.532 

0.243 

0.048 

0.026 

4-SNpyr 

1.529 

0.537 

0.520 

0.222 

0.034 

0.025 

4-C  Npyr 

2.167 

0.422 

0.385 

0.250 

0.069 

0.031 

4-  FMpyr 

0.501 

0.313 

0.341 

0.133 

0.038 

0.023 

288 

4-ACpyr 

1 .224 

0.456 

0.484 

0.225 

4-B’Jpyr 

1.439 

C.533 

0.480 

0.213 

4-C‘ipyr 

2.065 

0.393 

0.355 

0.233 

4-FMpyr 

0.480 

0.293 

0.320 

0.124 

293 

4-ACpyr 

1.142 

0.457 

0.439 

0.211 

4-B.Npyr 

1  .344 

0.505 

0.441 

0.199 

4-CNpyr 

1  .944 

0.389 

0.327 

0.219 

4-FMpyr 

0.462 

0.273 

0.307 

0.115 

298 

4-ACpyr 

1  .072 

0.428 

0.390 

0.197 

4- E Npyr 

1.269 

0.459 

0.418 

0.190 

4-C\'pyr 

1.822 

0.360 

0.297 

0.202 

4-FMpyr 

0.433 

0.251 

0.280 

0.109 

303 

4-ACpyr 

1  .011 

0.353 

0.352 

0.189 

4-3Npyr 

1  .193 

0.430 

0.384 

0.177 

4-CNpyr 

1  .721 

0.343 

0.269 

0.187 

4-FMpyr 

0.420 

0.234 

0.256 

0.101 

aThe  excitation  wavelength  is  353  r~. 


b4-8xlO"^M  de-aerated  solutions. 
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Table  IV 


Apparent  Activation  Energy,  £,+  ar. d  Frequency  Factor,  A,  of  W(C0) 
Emission  Li-'et'-e  Data. 


L  Apparent  Activation  Frequency  Factor, 

Energy  (kcal  A  (xlO^  s"1) 


Sol  id 

Solvent 

Sol  id 

Methyl  - 

cyclohexare  Iso- 

octane  Benzene 

Methyl  - 
cyclohexane 

4-ACpyr 

2.2  2.3  3.2 

2.2 

0.4  1.1 

4-SNpyr 

2.1  2.5  2.7 

1  .9 

0.3  1.5 

L  Complexes  from 


Sol  vent 

Iso-octane  Benzene 

5.8  1.9 

2.5  1.2 


Solvent  and  Temperature  Dependence  of  Photosubstitution  Quantum  Yields  for 

_  c 

5-7x13  ?!  W(C0)5(4-CNpyr)  in  Solutions  Containing  0.05  M  Ethanol.  Irradiation 

Wavelength  is  465  nm.  ! 


Temperature 

(K)  Methyl  - 

cyclohexane 


283 

283 

293 

298 


0.030 

0.038 

0.048 


Quantum  Yield 
Solvent 


Iso-octane 

Benzene 

THF 

Ethanol 

0.030 

0.030 

0.030 

0.029 

0.037 

0.044 

0.048 

0.053 

0.063 

0.061 

303 


0.062 

0/074 


0.072 


0.078 
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Table  VI 


Temperature  Dependence  of  ?Kot 

W(C0)5(4-ACpyr)  and  W(C0)5'4-S 

Ethanol.  Irradiation  wavelerg 

osubstitution  Quantum  Yield 

’ipyr)  in  Methyl  cyclohexane 

th  is  465  nm. 

for  5-8x10  M 

Containing  0.05  M 

| 

Temperature 

Quantum  Yield 

(K) 

(C0)-(4-ACpyr) 

W(C0)5(4-BNpyr) 

283 

0.016 

0.014 

288 

C.020 

0.018 

293 

0.025 

0.021 

298 

0.030 

0.027 

303 


0.040 


0.035 


Ligand  and  solvent  effects  on  the  electronic  absorption 


Ficure  lecends 


Figure  1 


Figure  2 


Figure  3 


Figure  4 


spectra  of  W(C0)^L  complexes  at  298  K. 

a)  W!C0)^L  in  methylcyclohexane,  L  =  4-ACpyr  (A), 

4-C.pyr  (B),  4-CNpyr  (C),  4-FMpyr  (D)  and  CO  (E). 

b)  ’..''CC)g(4-CNpyr)  in  ( — )  methylcyclohexane  and 
( — )  1:1  (by  v0l .)  methylcyclohexane/benzene. . 

Corrected  emission  spectra  at  298  K  of  a)  U(C0)54-ACpyr, 
(b)  n(C0)g(4-BNpyr) ,  c)  li(CO) ^(4-CNpyr)  and  d) 

W(CC)5(4-FMpyr);  { - )  solid,  ( - )  6-8xl0-5  M 

W(CC;„L  in  methylcyclohexane  and  (— ;~)  4-6x10” 5  M 

D 

'./(COJ-L  in  benzene.  Excitation  wavelength  is 
4C0  nm.  Intensities  are  scaled  arbitrarily  to  make 
maxi~a  equal. 

Quenching  of  7.5x10  M  U(C0)5(4-CNpyr)  processes 
at  293  ’<  by  anthracene  in  methylcyclohexane  containing 
0.C5  V,  ethanol.  (0,  t°/t,  q  ,  <A °/4> ,  4, 

Excitation  wavelengths  are  0  530  nm,  D  520  nm  and 
t  -2  2  nm. 

Electronic  absorption  spectral  changes  accompanying 
the  -to  nm  irradiation  (equal  time  intervals)  at 
293  of  a)  5.4xl0'5  K  W(C0) 5(4-ACpyr)  and  b) 

5.4.«1C  “  '*  U(C0)^(4-Bt;pyr)  in  methylcyclohexane. 

Bet"  solutions  contain  0.05  M  ethanol,  the  entering 


Fit.;-?  5 


Figure  6 


Figure  ? 


Figure  3 


Excited-state  electronic  absorption  spectra  at 
223  Y.  of  3  ’.;(C0)5(4-ACpyr),  Q  U(C0)5(4-BNpyr)  and 
t  W(C0 ) -(4-CNpyr)  in  a)  methylcyclohexane  and  b) 
benzene. 

Transient  electronic  absorption  spectra  at  298  K 
following  laser  pulse  photolysis  of  0  ll(CO) r(4-ACpyr) 

D  n(C0)-(4-3Npyr)  and  A  W(C0) ^(4-CNpyr)  in  a) 
methyl  cyclohexane  and  b)  benzene. 

Test  for  unquenchable  photolysis  of  W ( CO ) ^ ( 4- CMpyr ) 
in  methylcyclohexane.  Quencher  is  anthracene. 

Energy  v's  distortion  diagrams  for  U( CO) gL .  Heavy 
horizontal  lines  represent  thexi  (thermally  equilibrated 
excited)  states.  Light  horizontal  lines  represent 
successive  complex- sol  vent  cage  energies  as  a 
vi brational ly  excited  state  relaxes  to  its  thexi 
state  (only  a  few  of  the  lines  are  shown).  Heavy 
vertical  lines  denote  radiative  processes,  wavy 
lines  denote  non-radiative  processes. 


cm 


Optical  Density 


cm 
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